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CHAPTER 1 
 
 
INTRODUCTION 
 
         This thesis is concerned with the tailoring of polymer-nanomaterial interaction. I 
begin the thesis with brief introduction of nanomatrials, polymer nanocomposites and 
polymer nanomaterial interaction. This chapter provides the brief introduction of the 
context of the work and the structure of the thesis. 
 
1.1. Nanomaterials  
         Nanomaterials are those materials that have at least one dimension measuring 1 to 
100 nm.
1
 They include nanoparticles, nanotubes, nanofibers, etc. The size of the 
nanomaterials falls between that of individual atoms or molecules and the corresponding 
bulk materials.materials. Size reduction can modify the physical and chemical properties 
of nanomaterials distinctively from their bulk counterparts.
2
 Nanomaterials have greater 
surface area per mass than bulk materials, which allows more atoms or molecules to be 
exposed on the surface so that adjacent atoms and molecules can interact more readily. 
As a result, nanomaterials are attractive for variety of applications such as fillers, 
catalysts, drug delivery, semiconductors, microelectronics, and cosmetics.
3
2 
 
1.2. Polymer Nanocomposites 
         A material that is made from two or more physically distinct phases to achieve 
better properties than either single homogeneous component is called a composite 
material. Generally composite materials are composed of fillers that act as reinforcing 
material dispersed within a continuous matrix to bind the fillers. In polymer composite 
materials, any of a variety of fillers, such as metalic, organic, and inorganic particles are 
dispersed in a polymer matrix. When nanomaterials are used as fillers the composite 
material is termed a polymeric nanocomposite. The properties of nanocomposites depend 
not only on the bulk properties of each of the components as in the case with 
conventional macrocomposites, but also on the nature of interactions between the two 
phases as well as the interphases between them. For nanocomposites, the interactions 
between the polymer and nanofiller have a much greater effect on the composite 
properties than for conventional macrocomposites at the same volume fraction of fillers 
because of the very large surface area of the nanofiller. As a result, there is a possibility 
of tremendous improvement in the properties of polymers with the addition of 
nanofillers.
4-8
 Therefore, nanocomposites are promising high-performance and 
lightweight materials for many applications including spacecraft structures, automobile 
structures, and sporting goods.
9-13
 
 
1.3. Nanomaterials for Polymeric Nanocomposite 
          There are three kinds of nanomaterials used in polymer nanocomposites. 
Depending upon the number of dimensions that are not confined to a nanoscale range, 
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they are classified as two dimensional, one dimensional and zero dimensional 
nanomaterials. 
         When two of the dimensions are not confined to the nanoscale range, they are called 
two dimensional nanomaterials. These materials are sheets of one to a few nanometers 
thick, but have lengths and widths that are often hundreds to thousands nanometers. 
Layered silicates (nanoclays) and exfoliated graphite are good examples of such 
materials. Both nanoclays and graphite have been widely investigated as nanofillers to 
improve mechanical, thermal, optical and physiochemical properties.
12-16
 
         Fillers with two dimensions confined to the nanometer size scale are considered to 
be one dimensional nanomaterials. Since the third dimension is larger, these materials 
form elongated structure such as carbon nanotube, nanofibers and cellulose whiskers. 
Such materials have been extensively studied as reinforcing nanofillers to achieve 
exceptional properties.
6,17-20
 However, carbon nanotubes have shown little success as a 
filler for polymer nanocomposites despite the superior properties of the nanotubes 
themselves. They are very expensive and often exhibit significant aggregation due to 
strong interactions (0.5 eV/nm) between the pristine nanotubes and weak interaction with 
the surrounding matrix.  
         Finally, zero dimensional nanomaterals have all three dimensions in the nanometer 
range. Spherical silica nanoparticles and polyhedral oligomeric silsesqiuoxanes (POSS) 
are good examples of this category.
21-24 These nanoparticles offer advantages over one 
dimensional and two dimensional nanoparticles because of their smaller size. When these 
nanoparticles are dispersed as individual particles, they have the potential to act as 
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molecular reinforcements in polymer composites without requiring a significant 
alteration to processing conditions.  
 
1.4. Challenges Involved in Preparing Nanocomposites 
               Because of their typically high surface energy, nanomaterials often exist as 
aggregates that are very difficult to disperse in a liquid or in a solid medium. Because 
such a dispersed state is usually not a thermodynamic equilibrium, the use of nanofillers 
in a polymer matrix is often challenging because of this agglomeration, making the 
properties of such systems very difficult to explore.
25,26
 Approaches such as 
ultasonication and high shear mixing are frequently used to facilitate dispersion, although 
the effectiveness of these approaches is limited by the reaggregation of the nanoparticles 
as the system shifts toward the equilibrium, phase-separated state. Stabilizing agents such 
as surfactants can make the dispersed state metastable, which in turn can lengthen the 
time the dispersed state is usable. These stabilizing agents can overcome the attractions 
between the nanoparticles either by the formation of electrical double layer or by steric 
interaction between them.
27 However, if left in the mixture during composite formation, 
these stabilizing agents often degrade the composite’s ultimate properties, and thus are 
usually desirable to avoid. Hence an imperative challenge for researchers is to explore 
alternative techniques to achieve individually-dispersed nanomaterials in polymer 
matrices. 
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1.5. Importance of Polymer-Nanomaterial Interaction 
         Polymer assisted dispersion of nanomaterials could be an alternative approach to 
preparing polymer nanocomposites. Polymers can easily adsorb to the surface of 
nanomaterials and act as stabilizers to prevent aggregation. Steric interactions between 
the adsorbed polymer chains provides the strong repulsion between the two approaching 
surfaces of the nanomaterial. The polymer assisted dispersion technique is simple, 
economic, and more ecofriendly than traditional techniques. Polymer coated 
nanoparticles can be designed to be compatible with the polymer matrix of interest, and 
often preserves the composite’s ultimate properties. However, while this approach opens 
new doors for the application of nanomaterials in nanocomposites, there are still some 
challenges to developing this processing technique at an industrial scale. These 
fundamental challenges include understanding the polymer nanomaterial interaction to 
stabilize non-aggregated nanomaterials in the polymer matrix and developing polymer-
coated nanomaterials that can be used as nanofillers in polymer nanocomposites at 
affordable cost. The research reported here has focused on the interactions of polymers 
with two different kinds of nanomaterials: (a) single-walled carbon nanotubes (SWNTs) 
and (b) polyhedral oligomeric silsesquioxanes (POSS). 
 
1.6. This Dissertation 
         The research described in this dissertation encompasses two distinct projects. Both 
of these projects focus on the interactions between nanomaterials and associated organic 
polymers; however, the two projects are distinct enough that separate results and 
discussion sections will be included for each project.  
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         Chapter 2 provides the necessary background relevant to the contents of the thesis. 
It discusses the two different kinds of nanomaterials, SWNTs and POSS, and describes 
the various procedures for their synthesis and characterization. Chapter 3 describes the 
experimental methods and materials used for these studies. Chapters 4 and 5 contain the 
results and discussion of these two different projects separately. Chapter 4 discusses the 
first project, “Dispersion of single-walled carbon nanotubes by encapsulation in a linear 
crosslinkable polymer.” Chapter 5 discusses “Epoxy/polyhedral oligomeric 
silsesquioxanes nanocomposites.” The overall conclusions of this thesis are summarized 
in chapter 6. 
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CHAPTER 2 
 
  
BACKGROUND 
 
         This chapter provides background materials concerning carbon nanotubes and 
polyhedral oligomeric silsesquioxanes. For the SWNTs, I describe their classification, 
structure, synthesis, characterization techniques, and dispersion processes. For POSS, I 
describe their structure, synthesis, and applications.  
 
2.1. Carbon Nanotubes 
         Carbon nanotubes (CNTs), discovered in 1991 by Ijima,28 have attracted intense 
attention due to their exceptional promise as materials for a variety of applications  
because of their superior electronic, mechanical, optical, and structural properties.
29-32
 
Because of the small diameters of CNTs (typically from 0.7-3 nm for single walled 
carbon nanotubes), they become quasi one-dimensional in terms of their mechanical and 
electronic properties. Isolated CNTs are light-weight and have the highest tensile 
modulus (~1 TPa) of any known fiber.
33
 CNTs are also thermally stable at temperatures 
of more than 1000 
o
C in an inert atmosphere and have a thermal conductivity similar to 
diamond.
34
 They are potential candidates for chemical applications such as catalysis and 
energy storage because of their hollow center and high surface area.
35-37
 Other
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remarkable properties of CNTs  include their electronic and optoelectronic properties.
38-43
 
In particular, CNTs can be either metallic or semiconducting depending on their 
chirality.
44,45
 Since metallic single-walled carbon nanotubes have extremely high 
electrical conductivities compared even to copper wire, they have been used to make 
conductive thin films, transparent electrodes, and nanowires. On the other hand 
semiconducting nanotubes are promising for high-performance field-effect transistors, 
organic photovoltaic cells, and organic light emitting diodes. The existence of both 
electrical types of nanotubes has raised hopes for future applications of CNTs in many 
types of nanoelectronics.
46-55 
2.1.1. Structure of Carbon Nanotubes  
         CNTs are allotropes of carbon. They are ultrathin carbon fibers with nanometer-
scale diameters and up to micrometer-scale lengths. Structurally, they can be viewed as 
rolled-up graphene sheets, although this visualization doesn’t reflect their synthesis 
methods. All the carbon atoms in underivatized carbon nanotubes are sp
2
 hybridized. 
There are two main structural types of CNTs: those with a single layer are called single-
walled carbon nanotubes (SWNTs) while those with nested multiple layers are called 
multi-walled carbon nanotubes (MWNTs). MWNTs are easier to produce in bulk 
quantities than SWNTs; however, the structure of MWNTs is less well-defined because 
of their greater complexity and variety and their greater propensity to have defect sites. 
Although they are harder to synthesize, particularly in bulk quantities, SWNTs have 
better mechanical and electrical properties than MWNTs, making SWNTs more attractive 
for many applications. In the present work, I will only discuss single-walled carbon 
nanotubes.  
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         SWNTs can be conceptually viewed as a cylindrical tubes formed by rolling of a 
single layer of graphene. The crystal structure of SWNTs depends upon the axis along 
which the cylinder is rolled from the graphene sheet, which is specified by the chiral 
vector or roll-up vector (Ch). This vector defines the relative location of the two sites on 
the graphene sheet that, upon rolling, become coincident. It is specified by a pair of 
integers (n, m) that relate Ch to the two unit vectors a1 and a2 by following equation.
56
  
Ch = na1 + ma2     
The angle between the chiral vector and the nearest unit vector is known as chiral angle 
(θ), resulting in possible values that range between 0 to 30o. The axis of the tube lies 
perpendicular to the chiral vector. The set of all pairs of non-negative integers where n≥m 
encompass all unique SWNTs structures. When the components n and m are equal, the 
chiral angle is at its maximum of 30
o, resulting in what are called “armchair” structures 
because of the similarity of a cross-section of the tube perpendicular to the tube axis to 
the shape of an armchair. When m=0 the chiral angle is at its minimum of 0
o
, resulting in 
nanotubes that are termed “zigzag” structures, again because of the cross-sectional shape 
of the tube. All other kinds of SWNTs are chiral with the helical hexagonal path along 
the chiral vector. 
         The (n, m) designation of SWNTs determines their electronic properties, based on 
their differing boundary conditions perpendicular to the tube axis. All arm chair 
structures of SWNTs (n=m) are metallic because they have finite density of states at the 
fermi energy level. Other SWNTs structures where n-m is evenly divisible by 3 are semi 
metallic and the remaining SWNTs structure where n-m is not divisible by 3 are 
semiconductors.  
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2.1.2. Synthesis of Carbon Nanotubes 
         Carbon nanotubes are synthesized by extracting carbon atoms from a carbon 
carrying precursor. Originally solid state carbon precursors were used to provide the 
carbon source needed for nanotube growth; however, much work has also been done to 
synthesize CNTs by catalytic decomposition of carbon-containing gaseous on transition 
metal catalysts. Some of the common synthesis methods of CNTs are described briefly 
below. 
2.1.2.1. Arc-Discharge Method  
   The arc discharge method is the oldest and easiest methods to produce CNTs, and is 
still extensively used.
57,58
 Although this method is very simple, the final product contains 
mixtures of components such as fullerenes, graphite, amorphous carbon, and metal 
catalysts along with CNTs. It requires extensive purification to separate CNTs from 
remaining materials present in the crude product. In this method CNTs are created 
through the electric-arc vaporization of two graphite electrodes, separated by an 
approximately 1 mm gap of an inert atmosphere. A direct current of 50 to 100 A passed 
through the electrodes creates high temperature discharge within the gap and vaporizes 
the surface of one of the electrodes. As a result CNTs deposit on the surface of other 
electrode. CNTs synthesized by this method have a narrow diameter (~ 1.4 nm), but tend 
to have higher defect densities than those produce by some other methods. 
2.1.2.2. Laser Ablation Method 
         In this method, developed by the Smalley group in 1996,
59
 SWNTs are produced by 
laser vaporization of a graphite rod that contains a 1:1 mixture of cobalt and nickel 
catalyst in an oven at 1200 
o
C in flowing helium or argon gas. As the vaporized species 
11 
 
cools down, carbon atoms and small molecules quickly condense to form fullerenes. 
Where the catalyst is attached to the carbon clusters, it prevents the closing of the 
fullerene cage, thereby allowing the growth of carbon nanotubes from the catalyst as 
more carbon deposits. This growth continues, templated by the already-growing 
nanotubes, until the catalyst particles become too large or cool to the point that they no 
longer allow the continued growth. CNTs are obtained in long crystalline ropes with 
average diameter of 10-20 nm, with the individual tubes having an average diameter of 
1.4 nm. 
2.1.2.3. Chemical Vapor Deposition 
         In this process, CNTs are synthesized by flowing high-temperature carbon-
containing gases across a stationary metal catalyst.
60-63
 Several different carbon-
containing compounds have been used as precursors such as methane, carbon monoxide, 
acetylene, ethylene, benzene, and methanol.
64-68
 Each gas has a particular decomposition 
temperature, thereby resulting in a different required nanotube growth temperature, which 
can range from 550 
o
C to 1000 
o
C. The active catalytic species are transition metal 
nanoparticles such as Fe, Ni, Co, Mo, Cu, and Au. This process has ability to grow well-
separated, long single-walled carbon nanotubes with a variable defect density and low 
amorphous carbon content.  
         One particularly effective variant of this method, known as CoMoCat, was 
developed by the Resasco group in 1999 at the University of Oklahoma.
70,71
 This is also a 
catalytic method to produce SWNTs of high quality and with a remarkably narrow 
distribution of diameter. In this method SWNTs are grown by the disproportionation of 
CO on bimetallic Co-Mo/SiO2 (silica supported Cobalt and Molybdenum) catalyst at 
12 
 
700-950 
o
C in a flow of CO at pressure 1-10 atm. This process is also used for bulk 
production of SWNTs. 
2.1.2.4. High Pressure Carbon Monoxide  Process  
        The high pressure carbon monoxide process (HiPco) was developed by the Smalley 
group in 1999 for the bulk production of SWNTs.
69
 This technique is a catalytic 
production of SWNTs in a continuous flow gas phase process using CO as a carbon 
feedstock and iron pentacarbonyl Fe(CO)5 as the iron-containing catalytic precursor. 
SWNTs are produced by flowing CO, mixed with small amount of Fe(CO)5, at a pressure 
of 1-10 atm and a temperature of 800-1200 
o
C through a reactor. Size and diameter 
distribution of SWNTs can be roughly selected by controlling the pressure of CO. The 
average diameter SWNTs in HiPco under typical operating conditions is approximately 1 
nm. The highest yields (~79%) can be achieved at the highest accessible temperature and 
pressure. 
2.1.3. Characterization of Single-Walled Carbon Nanotubes 
         The chirality, electronic structure, and dispersion of SWNTs samples can be 
analyzed by examining their optical properties. Transmission electron microscopy (TEM) 
and atomic force microscopy (AFM) can be used to determine the length and diameter 
distributions of the nanotubes. Thermogravimetric analysis (TGA) reveals the amount of 
carbonaceous impurities and residual catalyst present in SWNTs samples. 
2.1.3.1. Optical Properties of Single-Walled Carbon Nanotubes 
         The quasi-one dimensionality of SWNTs causes the electronic density of states to 
have a series of sharp van Hove singularities.
72,73
 The energies between the van Hove 
singularities vary according to the nanotube diameter and (n, m) indices. The optical 
13 
 
absorption of a particular nanotube produces electronic transition between these 
singularities. These electronic transitions result in the characteristic absorption and 
emission properties of SWNTs.  
2.1.3.1.1. Absorption Spectroscopy 
         Figure 1.1 shows a band theory model of the density of states for semiconducting 
and metallic SWNTs.
74
 Each van Hove singularity belongs to a different sub band, 
labeled with an integer representing the magnitude of those states’ angular momentum 
projection along the nanotube axis. The absorption spectra originate from electronic 
transitions from valance sub bands (v1, v2, v3) to corresponding conduction sub bands (c1, 
c2, c3, respectively). The absorption is relatively discrete and can be used to identify the 
types of SWNTs. Depending on the chiral vector of SWNTs, these interband transition 
(Eii) have values ranging from 0.5 eV to 4 eV. For semiconducting SWNTs with diameter 
near 1 nm, the first three transitions S11, S22, and S33 will appear in the near-infrared, 
visible and near UV region respectively. Metallic SWNTs of similar diameters have their 
lowest energy optical transitions (M11) in the visible region falling between 
semiconducting S22 and S33.  The absorption peaks are very useful in determining the (n, 
m) composition of a bulk SWNTs sample.  
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(a)                                                                         (b) 
Figure 2.1.  van Hove singularities of metallic (a) and  semiconducting SWNTs (b).
74 
 
2.1.3.1.2. Band Gap Fluorescence 
         The discovery of band gap fluorescence from semiconducting SWNTs in aqueous 
surfactants suspensions allowed the quantitative determination of the concentrations of 
specific nanotube types by (n, m) index.
41
  As was discussed above, semiconducting 
SWNTs of different (n, m) indices have distinct interband electronic transitions (S11, S22, 
S33) between their van Hove singularities. Upon optical excitation of the second interband 
transition, an electron is excited from v2 to c2 by absorbing energy S22 , creating a hole in 
valence band v2. Both electron and hole rapidly relax from c2 to c1 and v2 to v1 
respectively. Thereafter, electron hole recombination takes place through the first van 
Hove transition (S11) via fluorescence emission in the near-infrared region. As a result, 
light absorption at photon energy S22  is followed by florescence emission at S11.
75
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         Although electrons are exited from the valence band to the conduction band in 
metallic SWNTs, the continuous density of states through the Fermi level allows 
radiationless decay leading to electron/hole recombination. Further, energy and/or 
electron transfer between adjacent SWNTs can allow a metallic tube to quench the 
photoluminescence of semiconducting tubes. Thus, given that approximately one third of 
the tubes in any given sample are metallic, fluorescence is typically observed only for 
samples whose tubes have been isolated from each other.  
2.1.3.1.3. Raman Spectroscopy 
         Raman spectroscopy is another powerful technique for SWNTs characterization. A 
strong resonantly-enhanced Raman signal can be obtained when the laser excitation 
energy is close to the energy between van Hove singularities in the valence and 
conduction bands. There are four important features in SWNTs Raman spectra: the 
Radial breathing mode (RBM), the disorder-induced mode (D-band), the tangential G-
Mode (G-band) and the dispersive G’ mode (G’ or D* band).76,77 
2.1.3.1.3.1. Radial Breathing Mode (RBM)  
         The radial breathing mode (RBM) arises from the scattering of light from the 
atomic vibration of nanotubes in the radial direction. They normally appear in the range 
of 100- 350 cm
-1 
for SWNTs of diameter range of 0.7 nm to 2 nm, and are considered to 
provide direct evidence of the presence of carbon nanotubes in a sample. The analysis of 
the RBM peaks provides information of SWNTs diameter in a sample. The RBM 
frequency is inversely proportional to the tube diameter (d) and is expressed by following 
equation.   
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Where A is constant of proportionality and B is interpreted as a damping of the 
environment surrounding the tube that depends on the tube-tube interactions. For an 
isolated SWNT on a SiO2 substrate tends to have A= 248 cm
-1 
and B=0.
78
 The RBM can 
be used to assign chirality of isolated SWNTs from a Kataura plot.
79
 
2.1.3.1.3.2. Tangential G-Mode 
         The stretching of C-C bonds gives rise to G-band Raman feature that is common to 
all sp
2
 carbon system. In carbon nanotubes the G-band is split into two peaks due to the 
curvature of the graphene sheet, one found near 1590 cm
-1
(G
+
) and the other near 1570 
cm
-1 
(G
-
). The G
+
 band corresponds to vibrations along the nanotube axis and varies with 
charge transfer to or from the SWNTs. The G
-
 band corresponds to vibrations along the 
circumference of the SWNTs. The G
+
 features of metallic and semiconducting SWNTs 
are found to show no significant difference in the frequency and width. However, there is 
a significant difference in the line-shape of G
-
 band for metallic and semiconducting 
SWNTs. G
-
 band appears as a Lorentzian for semiconducting tube whereas it appears as a 
Breit-Winger-Fano (BWF) line-shape in metallic SWNTs.
80-82
 
2.1.3.1.3.3. The Disorder Induced D-Mode (D-band)  
         The presence of disorder in sp
2
 hybridized carbon system is represented by D-band 
in resonance Raman spectra, located in the range of 1250-1450 cm
-1
. This band is one of 
the most sensitive and informative techniques for characterizing structural defects in 
CNTs. The ratio of intensity between D-band and G-band typically describes the degree 
of damage in SWNTs during processing of the sample. 
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2.1.3.1.3.4. Dispersive G’ Mode (G’ - band)  
         All sp
2
 carbon materials exhibit a strong Raman feature in the range 2500-2800 
cm
-1
. Together with G band, this feature is a Raman signature of graphitic sp
2
 materials 
and is called G’ band. This band is a second-order, two-phonon process that exhibits a 
strong frequency dependence on the excitation laser energy.  
2.1.4. Dispersion of Single-Walled Carbon Nanotubes 
         As-produced SWNTs exist in highly aggregated states because of strong van der 
Waals interactions, with a pairwise binding energy of about 900 meV/nm.
83
 These 
aggregates typically consist of aligned SWNT ropes or bundles with a hexagonal crystal-
like cross-section, 20-30 nm in diameter and a few micrometers long. These SWNT ropes 
are usually entangled in the solid state, forming complex networks. The high binding-
energy and large per-tube surface area make the SWNTs very difficult to disperse in any 
media.
84-87
 There have been a number of attempts to develop effective methods to 
debundle and discretely disperse the SWNTs, including covalent and non-covalent 
functionalization of the SWNTs. Sonication and high shear mixing are frequently used to 
mechanically separate the tubes as an aid to dispersion.  
2.1.4.1. Covalent Functionalization of Single-Walled Carbon Nanotubes 
         Covalent functionalization of SWNTs can enhance their solubility and compatibility 
in various polymer matrices.
88-90
 These methods are based on surface or endcap 
functionalization of the nanotubes to improve chemical compatibility with the target 
medium, as well as to disrupt the smooth tube-tube interactions that are characteristic of 
pristine nanotubes. These processes enhance the wetting or adhesion characteristics of 
nanotubes and reduce their tendency to agglomerate. However, enhanced dispersion of 
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SWNTs in solvent or matrix system based on chemical modification, particularly along 
the sidewalls, can be considered a destructive approach because it deteriorates the 
intrinsic properties of SWNTs. Sidewall chemical modification of SWNTs involves a 
covalent addition reaction or oxidation. In covalent addition reactions, functional groups 
are directly covalently attached to the graphitic surface of SWNTs.
91,92
 Some examples 
include fluorination,
93
 derivatization with diazonium salt,
94
 attachment of substituted aryl 
group,
95,96
 and electrophilic addition of chloroform on the SWNTs surface.
97
 The 
oxidative method involves the introduction of carboxylic acid group on SWNTs surface 
and followed by derivatization. Normally a mixture of HNO3/H2SO4 has been used to 
oxidize SWNTs although other oxidative systems also work.
45
 This carboxylic acid group 
is then converted into desired functional group.
98,99
 In the method most directly 
comparable to the present work, polymers have been grafted on to oxidized SWNTs for 
incorporation into polymer composites.
100,101
 These chemically modified SWNTs can be 
soluble in common solvents such as THF, DMF, CH2Cl2, CS2, and NMP, depending on 
the nature of the added functional groups. 
99
 
,102,103
 
2.1.4.2. Non-Covalent Functionalization of Single-Walled Carbon Nanotubes  
         Non-covalent modification of carbon nanotubes is particularly attractive because 
various groups can be adsorbed to the carbon nanotube surface without destroying the π 
system of the graphene sheets, thereby preserving the intrinsic properties of SWNTs to 
the greatest extent possible.
104-106
 The procedures used in the literature have all been 
straightforward, typically involving only ultra-sonication and centrifugation or filtration. 
Non-covalent approaches are based on hydrophobic interactions between adsorbed 
molecules and the carbon nanotubes, and/or through π-π interactions (π-π stacking), and 
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aqueous solubility is provided by the hydrophilic part of the adsorbed molecules. 
Sometimes electrostatic interactions also exist between carbon nanotube and ionic 
adsorbents. Multiple types of surfactants and polymers have widely been used for non-
covalent functionalization of SWNTs to disperse them in both aqueous and organic 
solutions.  
2.1.4.2.1. Surfactant Assisted Dispersion 
         Surfactants are amphiphilic molecules that contain both a hydrophilic head group  
and a hydrophobic tail group. Surfactants act as solubilizers to disperse carbon nanotube 
in aqueous solution via physical adsorption.
87,107
 The procedure of surfactant-assisted 
dispersion typically involves the ultra-sonication of SWNTs in an aqueous solution of 
surfactant. However, prolonged sonication introduces a considerable amount of defects, 
including buckling, bending and dislocations in the carbon nanotube structure.
108
 Some of 
the common surfactants used for the dispersion of SWNTs are sodium dodecyl sulfate 
(SDS), sodium dodecylsulfonate, sodium dodecylbenzene sulfonate (SDBS), the pluronic 
series, triton X-100, cetyltrimethylammonium bromide, dodecyltrimethylammonium 
bromide, and tween 20. Among these SDS is the most widely used. Smalley, et al., 
reported the preparation of individually dispersed SWNTs by simple sonication in SDS.
41
 
Weisman, et al., demonstrated that SWNTs so-dispersed exhibited strong 
photoluminescence spectra in the near-IR region, proving the individuality of the tubes in 
such a dispersion.
75
 Smalley and coworkers also studied a series of cationic, anionic, and 
non-ionic surfactant for their ability to disperse SWNTs in aqueous solution.
107
 They 
found that the size of the polar head group of non-ionic surfactants was a main factor in 
successfully suspending SWNTs. Among the ionic surfactants, they found SDBS to be 
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most efficient for the dispersion of SWNTs. It has been reported that the strong 
interaction between SDBS and SWNTs is the combined effects of the relatively long 
hydrophobic chain of SDBS and the π-π interactions between aromatic moieties on the 
surface molecules and the graphitic surface of the nanotubes.
107
 Analysis of the 
adsorption isotherms of SDBS on SWNTs indicates that the interactions between the 
surfactant molecules and the nanotube walls are mostly hydrophobic in nature. 
Matarredona, et al., discovered that carbon nanotubes can exhibit either positive or 
negative charges on their surfaces depending on the pH of the solution.
109
 Only at pH 
values far from the point of zero charge do the coulombic interactions between the 
negatively charged head groups of the surfactant and the charged surface of the 
nanotubes becomes important. They also claimed that sonication time plays a key role for 
the dispersion of SWNTs. Santro, et al., explained that the surfactants adsorb and diffuse 
in between the unzipped gaps of the nanotubes during sonication and eventually separate 
the individual nanotubes from the bundle.
110
 This process depends on the surfactant 
concentration because nanotube suspension is unstable below the critical micelle 
concentration of surfactant.    
2.1.4.2.2. Polymer Assisted Dispersion  
         The dispersion of SWNTs in a surfactant is not always the best choice for the 
preparation of polymeric composites of SWNTs because the surfactant is very difficult to 
remove completely, resulting in adverse effects on the properties of the resulting 
polymer/SWNTs composites. Therefore, from an applications point of view, polymer-
assisted dispersion is often a preferred choice. Polymer coating reduces the entropic 
penalty of micelle formation, and doesn’t require a significant concentration of free 
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surfactant in the surrounding solution. However, in the case of carbon nanotubes, where 
hydrophobic interactions may dominate the adsorption, the use of polymers seems to give 
no significant improvement in dispersion efficiency as compared to surfactants.
107
 There 
are two common methods of polymer assisted dispersion of SWNTs:  polymer adsorption 
and polymer wrapping.  
2.1.4.2.2.1. Polymer Adsorption 
         Polymer adsorption is based on the stacking of aromatic ring system of the polymer 
on carbon nanotube surface through π-π interaction, exfoliating bundles and bringing 
individual tubes into solution. This effect has been most effective in molecules having 
large aromatic systems such as pyrene.
111-114
 The interaction of the aromatic systems of 
pyrene is so effective that functionalized pyrenes have been used for anchoring proteins 
and small biomolecules to the nanotubes.
115
 Anthracenes are another class of 
polyaromatic molecules which have π-π interaction with nanotubes.116 Murakami and 
coworkers have also reported porphyrin functionalized SWNTs in organic solution.
117
 
2.1.4.2.2.2. Polymer Wrapping 
         O’Connell, et al., introduced a new phenomenon called “polymer wrapping” on 
carbon nanotube for the reversible water-solubilization of SWNTs.
118
 SWNTs have been 
successfully solubilized in water by wrapping with a variety of linear polymers such as 
polyvinyl pyrrolidone (PVP) and polystyrene sulfonate (PSS). An SDS-stabilized 
SWNTs dispersion was used as a starting material. The procedure was rather 
straightforward, with simple mixing, incubation, filtration, and centrifugation. It was 
proposed that the physical length of high molecular weight linear polymers and the 1D 
structure of nanotubes provide a wrapping scheme for hydrophobic interactions between 
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polymers and nanotubes. The wrapping of SWNTs by water soluble polymers is a general 
phenomenon, driven largely by a thermodynamic drive to eliminate the hydrophobic 
interface between the nanotubes and their aqueous medium. Polymers wrapped around 
SWNTs are typically NMR-silent, however NMR signals can be recovered upon the 
addition of organic solvent such as tetrahydrofuran (THF). This suggested that polymer 
wrapping is a reversible process, stabilized by the hydrophobic effect, and polymer 
nanotube interaction can be reversed by changing solvent system.  
   
 
 Figure 2.2. Possible polymer wrapping arrangement of PVP on SWNTs.
118 
            
         Conjugated luminescent poly(metaphenylenevinylene) and its derivatives have also 
been successfully used for wrapping around SWNTs.
119
 Ming Zheng and coworkers 
reported helical wrapping on carbon nanotube by single stranded DNA.
120
 Zorbas, et al., 
demonstrated the preparation and characterization of individual peptide-wrapped single-
walled carbon nanotubes.
121
 These authors isolate individual peptide-wrapped SWNTs, 
possibly connected end to end into long fibrillar structures, using an amphiphilic α-helical 
peptide. Recent advances in the supramolecular assembly of biomolecules such as 
proteins, peptides, and nucleic acids on the surface of carbon nanotubes show great 
potential for applications in bioengineering.
122
 Starched-wrapped SWNTs have been 
successfully prepared by the dispersion of SWNTs into an aqueous solution of 
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starch/iodine complex by mild ultasonication.
123
 Similar polymer wrapping phenomena 
have been observed when amylose and gum arabic were used to disperse SWNTs in 
aqueous media.
124-126
 
2.1.4.3. Challenges for the Dispersion of SWNTs 
   Among the most general approaches for solubilizing SWNTs is wrapping them with 
linear water-soluble polymer chains. Given that this approach derives its thermodynamic 
driving force from the hydrophobic effect, it is not surprising that a change in solvent 
system tends to remove the polymer wrapping from the tubes.
118
 Since water is not often 
a solvent-of-choice for polymer processing, this general approach has seen very little 
development as a useful processing method for CNT composite materials. Thus, before 
exploring the potential application of CNTs that have been solubilized by this method, we 
must be able to disperse them and stabilize them in alternate solvent systems. In the 
present work, we explored a method for dispersing SWNTs by wrapping them 
individually with a crosslinkable polymer. The crosslinking of these polymer chains 
along each tube before removing the SWNT/polymer complexes from their initial water 
environment stabilizes the complexes to the point that they remain intact and individually 
suspendable even upon changing the solvent system.   
 
2.2. Polyhedral Oligomeric Silsesquioxanes (POSS)  
         The name silsesquioxane comes from the roots “sesqui” and “ane”. “Sesqui” means 
one and half, indicating that a silsesquioxane molecule has a 3:2 ratio of silicon atoms to 
oxygen atoms. The suffix “ane” represents the hydrocarbon group. Thus, the term 
silsesquioxane refers to all structures which have the empirical formula RSiO1.5, 
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where R is hydrogen, a hydrocarbon, or an organofunctional derivative of hydrocarbons.  
         Oligomeric silsesquioxane has general formula (RSiO1.5)n. The term polyhedral 
indicates that the oligomers form a cage or polyhedron structure at the core of the 
nanoparticle. POSS are excellent example of zero dimensional nanophases where all 
dimensions are in the nanometer range. Oligomeric organosilsesquioxanes were first 
synthesized by Scott in 1946 through thermolysis of the polymeric products obtained 
from methyltrichlorosilane and dimethylchlorosilane cohydrolysis.
127
 
         Silsesquioxanes exists in various structures, including random, ladder, cage, and 
partial cage structures.
128
 Among these structures, the cage and partial cage structures are 
considered polyhedral, and thus belong to the group of molecules known as POSS. These 
structures consist of an interior inorganic core made of silicon and oxygen and multiple 
organic functional groups attached to the corners of the inner-silica structure.
129,130
 
Because of the presence of both organic and inorganic groups, POSS are low density, 
high performance hybrid materials. Individual POSS particles, approximately 1-2 nm 
size, are often easy to disperse. Due to their small size, rigid inorganic core, and polymer-
compatible organic groups, POSS are excellent candidates for the preparation of 
nanocomposites.  
2.2.1. Synthesis of Polyhedral Oligomeric Silsesquioxanes 
         There are two major approaches to synthesize POSS that differ in the nature of 
starting materials used.
127,131-133
 The first approach includes the formation of new Si-O-Si 
bond with subsequent assembly of polyhedral cage framework. In this method polyhedral 
silsesquioxanes are synthesized from monomers of the XSiY3 type where X is a 
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chemically stable substituent (such as CH3, phenyl, vinyl) and Y is a highly reactive 
substituents (such as Cl, OH, OR). 
                        nXiSiY3 + 1.5nH2O→ (XSiO1.5)n + 3nHY 
      The second approach involves the attachment of the organic group at the silicon atom 
without affecting interior inorganic core framework. Hybrid Plastic Co. developed a large 
variety of POSS by attaching different kinds of organic substituents to the silicon oxygen 
cage by this method. 
2.2.1.1. Synthesis of Monofunctional Polyhedral Oligomeric Silsesquioxanes 
        Monofunctional POSS molecules can be synthesized by the controlled hydrolysis 
and condensation of commercially available organotrichlorosilanes.
127
 The product 
mixture varies with reaction condition and time. Incompletly-condensed silsesquioxanes 
are the major products from the reaction. For example the controlled 
hydrolysis/condensation of cyclohexyl-trichlorosilane consists of 45% of the heptameric 
siloxane with three silanol groups, 40% of a hexamer and 15% of octameric cube 
silsesquioxanes.
127,134 
The incompletely closed heptameric siloxane is easily separated 
from other products due to solubility differences. Then these silanol groups of the 
heptamer can be used to form fully a condensed POSS structure by reaction with 
organosilicon monomers having a reactive functional group such as triethoxysilane R-
Si(OEt)3. Multiple types of reactive groups can be attached using this method, including 
hydride, chloride, hydroxide, nitriles, amines, isocyanates, acrylics, epoxides, norbonyls, 
alcohols and acids.
135-138 
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2.2.1.2. Synthesis of Multifunctional Polyhedral Oligomeric Silsesquioxanes        
         Multifunctional POSS derivatives are synthesized by hydrolysis and condensation 
of trialkoxysilane having reactive functional group (R-Si(OEt)3). This reaction can 
generate octa-functional POSS, R8(SiO1.5)8.
139
 A typical example is the synthesis of 
octaallylsilsesquioxanes from allyltrimethoxysilane.
140     
2.2.2. Hybrid Properties of Polyhedral Oligomeric Silsesquioxanes 
         In a POSS molecule, each silicon atom is bonded with three oxygen atoms and one 
hydrogen or organic group. This combination of organic and inorganic components in 
one molecule gives POSS its unique hybrid properties.
141
 The organic substituents of 
POSS provide compatibility and reactivity with the polymer matrix whereas the inorganic 
cage provides rigidity and stability in the matrix. The major distinguishing characteristic 
of POSS, as compared to other nanofillers, is its versatility. The interior structure of 
POSS molecules closely resembles the structure of silica. Like silica and ceramic 
particles, the use of POSS molecules as a nanofiller can enhance the performance 
properties composite materials. The organic substituents of the POSS can be varied 
endlessly to give a range of non-reactive and reactive POSS molecules. The organic 
functional groups on such POSS molecules can be synthetically modified standard 
organic chemistry.
142
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Figure 2.3. Hybrid properties of POSS. 
 
2.2.3. Polyhedral Oligomeric Silsesquioxanes in Nanocomposites  
         Polymer composites are multi-constituents materials that are prepared by mixing a 
polymer matrix with inorganic fillers such as reinforcing fibers or particulate solids. In 
polymer nanocomposites, the size of the inorganic fillers is often smaller than 100 nm.  
The fillers, which come in a wide variety of shapes such as fibers, platelets, or spheres, 
are physically dispersed into polymer matrix. Such nanofillers have been shown to 
produce dramatic improvements in such properties as gas barrier, viscoelastic, electrical, 
and mechanical properties.
143-147
 This property enhancement is strongly affected by the 
quality and nature of dispersion of the nanofillers in the polymer matrix. However, the 
surface energy of a material substantially increases as the particle size decreases, 
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resulting in an increased tendency for aggregation, naturally creating a pervasive 
manufacturing challenge. To avoid this problem, nanoparticles are often modified with 
organic groups, or coated with polymers that are compatible with the polymer matrix.
146
  
         POSS is available with a wide variety of organic functional groups, such as 
methacrylate, acrylate, styrene, norbornene, amine, epoxy, alcohol, and phenol that can 
render the filler compatible with the polymer matrix, allowing it to disperse well and 
incorporate directly into the matrix through polymerization or grafting.
135,147-150
 POSS is 
similar to other highly symmetric molecules that can interact favorably with the polymer 
host in all three dimensions. The hybrid architecture of POSS makes it more compatible 
than purely inorganic fillers with organic hosts, such as polymers and natural 
biomaterials. The incorporation of POSS into a polymer matrix can modify the 
interactions between the molecules, local molecular topology, and polymer chain and 
segment mobility; as a result there is a dramatic improvement in polymer properties 
including improve in glass transition temperature, reduction in gas permeability, 
reduction in flammability and enhancement in ultimate mechanical properties.
151,152
  
         POSS derivatives have been extensively used to modify both thermoplastic and 
thermosetting polymers. Some of the recent attempts at preparing POSS-containing 
nanocomposites include polypropylene/POSS, polystyrene/POSS, polyester/POSS, 
polyamides/POSS, polyimide/POSS, polyurethane/POSS, epoxy/POSS, and 
polybenzoxazine/POSS nanocomposites.
151
 These POSS-containing nanocomposites 
shows great promises for the application in light emitting diodes,
153-155
 liquid crystals,
156-
158
 photoresist materials,
159,160
 low-dielectric constant materials,
161-163
 self-assembled 
block copolymers,
164-166
 and nanoparticles.
167-169
  
29 
 
2.2.4. Polyhedral Oligomeric Silsesquioxanes in Epoxy Nanocomposites   
         Molecules with two or more α-, or 1, 2-, epoxides groups are among the most 
commonly-used monomers for thermosetting polymers. Such compounds are called 
epoxy resins. They have been used for numerous applications from surface coatings to 
high-performance polymers because of their excellent engineering performance upon 
curing. There are many advantages of epoxy resins over other thermosetting resins, 
including a simpler curing reaction, low shrinkage due to the absence of byproducts and 
volatiles during curing, and a wide range of available curing temperatures depending 
upon the curing agent used. The cured products of epoxy resins are versatile and exhibit 
superior properties such as excellent chemical and heat resistance, excellent fatigue 
resistance, high tensile strength, low creep, high adhesive properties, high electrical 
insulation, and an excellent ability to withstand degradation from water ingress. 
         However, the inherent toughness of the cured products is relatively low due to their 
high crosslink densities. As a result, they are brittle and do not resist the crack initiation 
and growth well. These problems of epoxy resins limit their performance in the 
applications that require high impact and fracture strengths. It is therefore desirable to 
modify the epoxy resins to enhance these properties. In recent years considerable 
attention has been given to POSS as a modifier or nanofiller to enhance these key 
properties of epoxy resins. 
         It has been reported that the nanoscopic size of the POSS cage has ability to hinder 
the segmental motion of molecular chains and network junctions within an epoxy 
composite, resulting in an increase in the glass transition temperature.
146,170-173
 Kim, et 
al., prepared an octaglycidyl dimethylsilyl-POSS (OG-POSS) and cured with 4’4’-
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diaminophenyl sulfone (DDS) to study the toughening mechanism of the resin.
174
 
Thermal analysis showed that both glass transition temperature and storage modulus 
increased with increasing the concentration of DDS due to an increase in crosslinking 
density. The toughening mechanism of the resin was found to be void formation. Another 
study by Liu, et al., reported that the glass transition temperature remained unchanged at 
OG-POSS loading < 30 wt.%, whereas the nanocomposites displayed lower Tg at OG-
POSS concentration greater than 40 wt.%.
140
 Xiao et al. found that the curing reactions of 
POSS composites are more difficult than neat epoxy resin because of increased steric 
hindrance.
175
 They demonstrated that high crosslinking through eight vertices of the 
POSS core froze the motion of main polymer chain, resulting in a POSS composite 
material that did not exhibit obvious glass transition behavior.  
         Zhang and coworkers demonstrated the enhancement of viscoelastic and 
mechanical properties of epoxy resins with the addition of POSS-NH2 monomer.
176
 They 
found excellent results in the lower content of POSS macromers. Lee, et al., investigated 
enhancement in thermal and viscoelastic properties of epoxy resin with the incorporation 
of monofunctional epoxy-POSS macromers.
170 In this system, the Tg was observed to 
increase and broaden with increasing weight fraction of epoxy-POSS content because of 
the influence of POSS cage to the polymer chain motion. In another study, significant 
enhancement was found in flexural and thermal properties of the epoxy composite 
material with the addition of 1 or 2 vol. % of POSS content.
170
  
31 
 
CHAPTER 3 
 
 
EXPERIMENTAL SECTION 
 
         This chapter describes the experimental methods and materials used in this study. 
The detailed instrumentation and experimental procedure are explained in this chapter. 
 
3.1. Materials 
         Purified HiPco single-walled carbon nanotubes were obtained from Carbon 
Nanotechnologies Inc. Sodium dodecyl sulfate (SDS), poly(diallyldimethylammoniumchl
oride) (PDDA), 2,2′-azobis(2-methylpropionitrile) (AIBN), isophorone diamine (IPDA) 
were obtained from Sigma-Aldrich. Allylamine (AAm) and N-vinylpyrrolidone (VP) 
were obtained from Acros Organics Polysciences Inc. EPON 862 and glycidyl -POSS 
cage mixture (oxirane, 2-[[3-(trimethoxysilyl)propoxy]methyl]-, hydrolyzed) were 
obtained from Hexion Specialty Chemicals, Inc. and Hybrid Plastics respectively. 
Nanopure distilled water was produced by Direct-Q UV-3 distillation system (Millipore). 
Dialysis sacks MWCO 3500 and MWCO 20000 were obtained from Thermo Scientific.  
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3.2. Instrumentation  
3.2.1. Ultrasonication, High Shear Mixing and Centrifugation 
          Ultrasonic dispersion of SWNTs was performed using a FS-140H ultrasonic bath 
with 135 W power output and a GEX-750-5C ultrasonic processor (Sonics & Materials 
Inc.) equipped with a tapered tip at 10 – 20 W power. High shear mixing was performed 
using an Ultra-Turrax T18 mixer (Ika Werke GMBH). Low speed centrifugation was 
performed on a Sorvall Biofuge Stratos centrifuge and high speed centrifugation was 
done on a Beckman L8-70M ultracentrifuge using a Ti75 rotor.  
3.2.2. Fluorescence Spectroscopy 
          Fluorescence spectra of the SWNTs dispersions were acquired on a NS-1 
Nanospectralizer (Applied Nanofluorescence, Inc.) using 678 nm and 782 nm excitation 
lasers with aqueous 1% SDS solution as the background. 500 µL of aqueous suspended 
SWNTs were placed into the NanoSpectralyzer's sample cell (Starna Cells, Inc. part 9F-
SOG-10-GL14-C) with path lengths of 10 mm in one direction and 4 mm in the 
perpendicular direction. Photoluminescence was detected at 90
o
 by a 512 element InGaAs 
array.  
3.2.3. Absorption Spectroscopy 
         The absorption spectra of the SWNTs dispersions were taken by using a CARY-
5000 spectrophotometer with aqueous 1% SDS solution as the background. The 
measurements were carried out in 1 cm path-length quartz cells in the range of 175-1500 
nm.  
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3.2.4. Atomic Force Microscopy 
         Atomic force micrographs were taken on a Multimode Nanoscope IIIa SPM 
(Digital Instruments) equipped with NSC 15/50 silicon cantilevers (MikroMasch) in 
tapping mode. For the samples preparation, a mica chip was first primed by applying a 
drop of 10% aqueous PDDA solution to the chip for 10 min followed by quick rinsing 
with water and drying in a nitrogen flow. A drop of the SWNTs dispersion was applied 
on the primed surface for 30 min. The liquid was sucked from the chip with a pipette; the 
chip was then rinsed with ethanol for 1-2 s and dried in a nitrogen flow. 
3.2.5. Raman Spectroscopy 
         Raman spectra of epoxy/POSS composite materials were recorded in a WITec 
alpha300 R Raman instrument with 532 nm laser excitation at a power of 15 mW with a 
20 micron spot size.  
3.2.6. Dynamic Mechanical Analysis (DMA) 
         The storage modulus (E’), loss modulus (E’’), and tan delta were determined by 
DMA analysis of each samples of the composite materials. DMA was performed on a 
DMA Q800 instrument (TA Instrument Company, USA) at a frequency of 3 Hz from 25 
o
C to 250 
o
C at a ramping rate of 3 
o
C/min. For each group, five replicates with a sample 
size of 60 x 12 x 1 mm were tested.  
3.2.7. Differential Scanning Calorimetry (DSC) 
         DSC were recorded on a DSC Q2000 (TA Instrument Company, USA) in a dry 
nitrogen atmosphere. The instrument was calibrated with an indium standard. 
Approximately 8 mg of sample was heated from room temperature to 200 
o
C at a ramp 
rate of 10 
o
C/min in a DSC cell. The sample was cooled immediately to 0 
o
C at the same 
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scan rate. A second scan was then performed under the same conditions. The reported 
data were extracted from second scan. A minimum of five replicate samples were 
analyzed for each sample type. 
3.2.8. Fracture Toughness Measurement 
         Fracture toughness of the sample was measured on a universal testing machine 
(Instron 5567, Norwood, MA).  The measurement was carried out by using the single-
edge notch bend test as per the ASTMD–5045 standard method. A 4.5 mm deep notch 
was made in each 54 x 12.7 x 6.35 mm samples by a diamond precision saw. To make a 
natural pre-crack initiation from the notch, the tip of the notch was gently tapped with a 
razor blade using a hammer. The tests were performed under three point bending until 
failure. A minimum of five samples were tested for each group. The fracture toughness 
was expressed in term of the critical stress intensity factor (KIc) according to following 
equation:  
 
Where P = applied force, B = thickness of the specimen, a = crack length W = the width 
of the specimen and  f = the geometric factor.  
3.2.9. Helium Gas Permeability 
         The gas permeability of the samples was tested by the ASTM standard D1434-82 
volumetric method. The experimental setup follows the guideline provided by NASA.
235
 
The apparatus consists of two chambers between which a 25.4 mm diameter, 3.15 mm 
thick specimen is placed. Purified helium gas was pressurized in the upstream chamber, 
allowed to permeate through the sample, and escaped into the downstream chamber. Two 
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pressure transducers (model: PX01C1-075G5T, Omega Dyne Inc.) were connected to the 
inlet and outlet ports to acquire precision pressures of the upstream and downstream 
chambers. The pressure data was obtained on an oscilloscope (Tektronix TDS 460 A). 
The apparatus also includes a high capacity gas purifier to remove any impurities present 
in the helium gas. After calibration, a minimum 5 samples from each group were tested. 
The permeability of the nanocomposite samples was evaluated in terms of the 
permeability coefficient, which is calculated by using the Darcy equation. 
 
Here Q = flow rate, K = permeability coefficient, ΔP = pressure difference, L = thickness 
of the test sample, η = dynamic viscosity of Helium, and A = cross-sectional area to flow.  
3.2.10. Scanning Electron Microscopy 
         Fracture surface morphology was studied by Scanning Electron Microscopy (SEM). 
The samples were coated by sputtering Gold-Palladium using a Balzers Union MED 010 
Au/Pt coater to make them conductive. SEM micrographs were taken in FEI Quanta 600 
field-emission gun environmental scanning electron microscope with an Evex EDS X-ray 
microanalysis system and HKL EBSD system.  
 
3.3. Procedures 
3.3.1 Dispersion of Single-Walled Carbon Nanotubes in Aqueous Solution of SDS  
         A 1% solution of SDS in water was prepared and the pH was adjusted to 9.0 by the 
addition of NaOH. 2.5 mg of SWNTs were dispersed in 50 mL of the SDS solution by 
bath sonication for 1 hour followed by stirring for 12-15 hours. The dispersion was 
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subjected to high shear mixing for 1 hour at minimum speed (high speed induces 
excessive foaming) followed by tip sonication at 10-15 W power by 10,000 J increments 
(1000 J of energy = sonication at 10 W for 100 s). The fluorescence spectra were taken 
frequently to optimize the conditions for dispersal. Dispersed SWNTs were also analyzed 
by AFM. 
3.3.2. Dispersion of Single-Walled Carbon Nanotubes in Water with the aid of PVP 
         2.5 mg of SWNTs were dispersed in 50 mL of 1% aqueous solution of SDS, pH 
adjusted to 9.0, by following the process described in section 3.3.1. The aqueous 
suspension of SWNTs was centrifuged at 1500 rpm to bring the large bundles of SWNTs 
to the bottom of the centrifuge tube. The upper 75 to 80% of the supernatant was then 
carefully decanted, resulting in surfactant-suspended nanotube dispersion at a typical 
mass concentration of 20 to 25 mg/L. Then 5 mL of 110 g/L aqueous solution of PVP 
was added to the SWNTs dispersion (final conc. of PVP = 10 g/L) and the mixture was 
incubated at room temperature for up to 20 hours. The resulting sample was vacuum 
filtered through a 1 µm polypropylene track-etched membrane and the filtrate was ultra-
centrifuged at 200,000 g for 2 hours. The transparent supernatant was decanted, the solid 
redispersed in 50 mL of water, and two more cycles of ulta-centrifugation/redispersion 
were repeated. The final solid was redispersed in 20 mL of water by 30 min of bath 
sonication.  
3.3.3. Synthesis of Cross-linkable Copolymers of PVP 
         The following cross-linkable copolymers of PVP were synthesized: poly (N-
vinylpyrrolidone-co-2-aminoethyl methacrylate) (PVP-PAEMA), poly(N-
vinylpyrrolidone-co-2-hydroxyethyl methacrylate) (PVP-PHEMA), poly(N-
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vinylpyrrolidone-co-allylamine) (PVP-PAAm) and poly(N-vinylpyrrolidone-co-N-
acryloxysuccinimide) (PVP-PNAS). Structures for the polymers are presented in Figure 
3.1. All polymers were used to disperse SWNTs in aqueous suspension. PVP-PHEMA 
was found to be insoluble in water. PVP-PAEMA and PVP-PNAS were soluble in water 
but unable to disperse SWNTs in water. Only PVP-PAAm successfully achieved good 
results for the dispersion of SWNTs. Thus the synthesis process of PVP-PAAm is the 
only one described in this dissertation. 
 
 
Figure 3.1.  Structure of some crosslinkable copolymers of PVP. 
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3.3.4. Synthesis of PVP-PAAm 
         This random copolymer was synthesized from the method of Solovskii et al. by free 
radical polymerization of VP and AAm.
233
 A mixture of 10g of VP (80 mole %), 1.29g of 
AAm (20 mole %) and 0.38g of AIBN (1 mole %) was dissolved in 35 mL of 
isopropanol. The solution was transferred into a 100 mL Schlenk flask equipped with a 
stir bar and degassed by 3 cycles of freeze-pump-thaw. The stopcock was closed under 
vacuum and the flask was immersed into an oil bath at 70 
o
C and stirred for 48 hours. The 
reaction was stopped by cooling the flask to room temperature and opening it to air. The 
solution was precipitated in a large amount of diethyl ether and the product was collected 
on a schott filter. The white solid was dissolved in 70 mL of water and the excess 
monomer was removed by dialysis against deionized water using a 3500 Da MWCO 
sack, until no monomer in the outside water was detected by UV spectrometry. The 
solution was concentrated on rotary evaporator at 35
o
C until the solution had a honey-like 
viscosity. The remaining water was removed under vacuum (3-5 mm Hg) for 24 hours to 
obtain copolymer PVP-PAAm with a 7 mole % primary amine group and viscosity 
averaged molecular weight 15,000 g/mole.m 
3.3.5. Dispersion of Single-Walled Carbon Nanotubes with PVP-PAAm 
         5 mL of a 110 g/L aqueous solution of PVP-PAAm was added to 50 mL of the 
suspension of SWNTs in SDS (as described in section 3.3.1.) and the mixture was 
incubated at room temperature for up to 12 hours. Fluorescence spectroscopy indicated 
that the interaction of the SWNTs with the polymer strands was largely completed during 
the first 20-30 min after addition and longer incubation resulted only in re-bundling of 
nanotubes as measured by a loss of fluorescence signal. The resulting sample was 
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vacuum filtered through a 1 µm polypropylene track-etched membrane. The samples 
were subjected for 3 cycles of ultra-centrifugation at 200,000 g for 2 hours, decantation, 
and resuspension. The final solid was redispersed in 20 mL of water by 30 min of bath 
sonication. These three cycles of ultra-centrifugation/decanting/resuspension, modeled 
after the O’Connell procedure, removed the surfactants and excess of polymer.54 As an 
alternate procedure that ultimately resulted in better suspensions, we subjected the sample 
to only one ultracentrifugation/decantation/resuspension step followed by dialysis using 
20,000 Da MWCO sacks against deionized water for 72 hours. The comparison of these 
two methods is explained in section 4.2.1. 
3.3.6. Crosslinking of PVP-PAAm 
         After the adsorption of polymer onto the SWNT surface, PVP-PAAm was cross-
linked under dilute conditions in the aqueous environment.
233, 234
 The crosslinking 
process was carried out by heating 10 mL of the solution with 10 μL of gluteraldehyde 
(GLU) at 50 
o
C for 8 hours in a nitrogen atmosphere. In order to avoid the crosslinking of 
the PVP-PAAm between different tubes, we kept the concentration of SWNTs very 
dilute. During this process, GLU crosslinks the amine (NH2) groups of the polymer via an 
azomethine bond (N=CH).The presence of the azomethine (imine) group was confirmed 
in the resulting pale yellow suspension by absorption spectroscopy, since it gave two 
absorption peaks at 457 nm and 538 nm. Excess GLU was removed by extracting twice 
in 10 mL diethyl ether. After crosslinking the polymer, the stability of SWNTs dispersion 
was analyzed by fluorescence, absorption spectroscopy, Raman spectroscopy and AFM.  
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3. 3.7. Synthesis of Epoxy/POSS Nanocomposites 
3.3.7.1. Selection of Epoxy Resin, Curing Agent and POSS  
         EPON Resin 862 was used as a composite matrix. This resin is a bifunctional epoxy 
resin that consists of oligomers of diglycidyl ethers of bisphenol F (DGEBF) (Fig. 3.2 a). 
EPON 862 was chosen for this study because of its low viscosity, superior mechanical 
properties, chemical resistance, and ease of fabrication. Some of the properties of EPON 
862 are listed below (Table-3.1).  
 
Table 3.1.  Properties of EPON 862 * 
Properties Unites Value 
Weight per Epoxide g/eq 165-174 
Viscosity at 25 
o
C P 25-45 
Density at 25 
o
C g/ml 0.98 
                           *Source- Technical data sheet of EPON 862 
    
         The curing agent used was isophorone diamine (IPDA) with an equivalent 
molecular weight of 170.3 gm/equiv (Fig 3.2 b). IPDA is a cycloaliphatic amine, a class 
of molecules that is commonly used as curing agents for epoxy resins, providing lower 
viscosity and better chemical resistance than other curing agents. 
         The POSS molecule used in this work was a glycidyl-POSS cage mixture (Fig. 3.2 
c).  Glycidyl-POSS is a multifunctional POSS epoxide that, due to its epoxide groups, has 
a high compatibility with common epoxy resins, and can covalently crosslink directly 
into the resulting composite matrix. Glycidyl-POSS is a potential candidate for vacuum-
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assisted resin transfer molding (VARTM) of fiber reinforced composites because of its 
low viscosity at room temperature. Some of the properties of glycidyl-POSS cage 
mixture are listed below (Table-3.2). 
 
Table 3.2. Properties of glycidyl POSS cage mixture* 
Properties Unites Value 
Weight per Epoxide g/eq 167 
Viscosity at 25
o
C P 48 
Density g/ml 1.25 
*Source- Technical data sheet of glycidyl POSS cage mixture from Hybrid Plastic 
 
 
 Figure 3.2. Structure of DGEBF (a), IPDA (b) and Glycidyl POSS (c). 
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3.3.7.2. Specimen Preparation for Epoxy /POSS Nanocomposites  
         Glycidyl-POSS was mixed in varied proportions of 0, 0.25, 0.5, 1, 2, 3 and 5 wt. % 
into the Epon 862 resin. The mixture was stirred continuously with a stir bar in a vial for 
2 hours at 65 
o
C. After the mixture was cooled to room temperature, a stoichiometric 
amount of IPDA with respect to Epon 862 resin (4 parts Epon 862 to 1 parts IPDA by 
mass) was added with continuous stirring until the complete homogenous dissolution of 
curing agent was attained. Homogeneity of the mixture was observed visually. The 
mixture was then placed in a vacuum chamber for 30 minutes for degassing in order to 
remove gas bubbles that were introduced during mixing. The mixture was poured into a 
Teflon-coated mold and cured at 90 
o
C for 90 minutes and post-cured at 200 
o
C for a 
further 90 minutes.  
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CHAPTER 4 
 
 
DISPERSION OF SINGLE-WALLED CARBON NANOTUBES BY 
ENCAPSULATION IN A LINEAR CROSSLINKABLE POLYMER 
 
         This chapter contains the result and discussion concerning the dispersion of single -
walled carbon nanotubes (SWNTs) by encapsulation in a linear crosslinkable polymer. 
The first part of the chapter includes the study of dispersion of the SWNTs with the 
addition of surfactant and PVP, whereas second part of the chapter deals with the study of 
the stability of SWNTs dispersion after the crosslinking the polymer on the SWNTs 
surfaces. 
 
4.1. Dispersion of Single-Walled Carbon Nanotubes 
         The objective of the research is not only to achieve the dispersion of SWNTs but 
also to stabilize them against changes to the solvent system. Our SWNTs dispersion 
approach is based on the O’Connell, et al,. method of polymer wrapping.118 Using this 
technique we successfully prepared the SWNTs dispersion in SDS and wrapped them by 
adding PVP in aqueous solvent.  
4.1.1. SDS Assisted Dispersion of Single-Walled Carbon Nanotubes 
         The dispersion of SWNTs in aqueous SDS was monitored by near-infrared 
fluorescence. Figure 4.1 shows how the fluorescence spectrum of the dispersion at 658 
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nm excitation changes based on duration of sonication. The plots show a rapid increase in 
the fluorescence intensity with increasing sonication energy. The highest intensity of the 
fluorescence was found at 140 kJ. The increasing fluorescence intensity reflects the 
increasing number of individual nanotubes that were split from the bundles during the 
sonication process.  
 
      
Figure 4.1.  Fluorescence spectra under 658 nm laser excitation of SWNTs dispersions in 
aqueous SDS solution at different sonication energy. 
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         Figure 4.2 shows the AFM micrographs of the SWNTs samples after 60 and 120 kJ 
of sonication, following deposition on mica as described in section 2.4.2. Height analysis 
revealed a noticeable reduction in bundle diameter after 60 kJ of sonication, while many 
of them were longer than 1 µm. The 120 kJ sample contained predominately short 
nanotubes < 0.5 µm. These results suggest that the best condition for dispersion SWNTs 
will be sonication for 60 kJ, or 100 min at 10 W of output power. 
 
     
Figure 4.2. AFM images of SWNTs dispersion (a) after 60 kJ  (b) 120 kJ ultrasonic 
energy introduced to the samples. 
 
4.1.2. PVP Assisted Dispersion of Single-Walled Carbon Nanotubes  
         After the successful dispersion of SWNTs in an aqueous solution of SDS at basic 
pH, we added PVP to wrap the individual SWNTs. Following the procedure of 
O’Connell, et al.118 we used the intrinsic fluorescence of the SWNTs to monitor the 
individualization of SWNTs (Figure 4.3).
41
 Several sequential changes to the 
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fluorescence spectra occurred after the addition of PVP to the SWNTs dispersion. First, 
nearly immediately a spectral shift in the peak position with little change in intensity was 
observed. This change reflects a specific interaction of SWNTs with PVP molecules, 
producing a shift of optical transition energy (Sii) due to changes in the local environment 
as the SDS molecules are replaced by PVP. Giordani, et al., observed a similar spectral 
shift from SWNTs dispersed in NMP, a small molecules with cyclic amide groups similar 
to PVP, as comparison to water-surfactant dispersions.
236 This spectral shift might be 
caused by the higher dielectric constant of PVP than that of long chain hydrocarbon 
SDS.
237, 238 
Over longer timeframes, there was a slow decrease in the peak intensity 
without shift that resulted from prolonged incubation after the addition of PVP.  This 
prolonged incubation (up to 20 hours) likely allowed the rebundling of SWNTs, resulting 
in a decrease in the intensity of the fluorescence peaks. Finally, we observed a near-
complete quenching of fluorescence after the addition of few drops of THF. The addition 
of even a small amount of THF reduces the surface tension of the water dramatically, and 
thus reduces the hydrophobic effect significantly. This removes the thermodynamic drive 
for the polymer to adsorb to the surface of the tubes, destroying the PVP-SWNTs 
complex and regenerating the initial components, where the nanotubes precipitate from 
suspension and lose their semiconductor fluorescence due to bundling with metallic 
tubes.   
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Figure 4.3.  Fluorescence spectra of SWNTs dispersions at different stages of the 
procedure before and after the addition of PVP.  
 
4.2. Stability of Dispersion of Single-Walled Carbon Nanotubes 
         The separation of PVP from the SWNTs surfaces upon changing solvents is a major 
hurdle to using polymer-wrapped SWNTs for composite applications. We have designed 
a crosslinkable polymer to use in place of PVP. Since PVP itself lacks crosslinkable 
groups, we synthesized PVP-PAAm, a water soluble crosslinkable copolymer of PVP. 
This copolymer has primary amine groups that can be easily crosslinked by 
gluteraldehyde (GLU). 
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4.2.1. PVP-PAAm Assisted Dispersion of Single-Walled Carbon Nanotubes 
         The initial wrapping of SWNTs with PVP-PAAm followed a similar pattern to that 
observed for PVP.  The addition of PVP-PAAm resulted in an immediate shift in the peak 
positions along with the decrease in intensity and broadening of the peaks (Figure 4.4). 
The intensity was restored over the course of several hours. As the fluorescence 
spectroscopy indicated, the interaction of SWNTs with polymer was basically completed 
during the first 5 min after the addition of PVP-PAAm. The spectral shift of the 
fluorescence spectra indicates the polymer wrapping on SWNTs. As was explained 
above, changing in dielectric environment of SWNTs is likely responsible for the spectral 
shift.  
         The fluorescence of nanotubes after 3 cycles of high speed centrifugation decreased 
significantly compared to the material after filtration, even though the concentration of 
SWNTs in the final sample was higher than that in the filtrate. These results suggest that 
the nanotubes after centrifugal washing of the excess of SDS and PVP-PAAm have 
mostly re-bundled. This method was modified by using dialysis through a 20,000 Da 
MWCO sack for 72 hours in place of the last two centrifugation/decantating/resuspension 
cycles. The near-infrared fluorescence after dialysis confirms the presence of individual 
SWNTs in the solution. Figure 4.5 shows the comparison of fluorescence spectra after 
ultra-centrifugation and dialysis steps. As was observed for PVP-wrapped SWNTs, the 
fluorescence was quenched after the addition of a few drops of THF. This quenching 
demonstrates that changing the solvent system tends to remove the polymer from the 
SWNTs surface, once again bundling the tubes. 
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Figure 4.4.  Fluorescence spectra of SWNT upon addition of PVP-PAAm at (a) 658 nm 
(b) 782 nm excitation wavelength.  
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Figure 4.5.  Fluorescence spectra taken at 658 nm excitation wavelengths during the 
removal of surfactant and excess of polymer after polymer wrapping on SWNTs.  
 
4.2.2. Crosslinking of Polymer and Verification of Crosslinking 
         The polymer was crosslinked by gluteraldehyde (GLU) as described in section 
3.3.6. During this process, GLU crosslinks the amine (NH2) group of the polymer via 
azomethine bond (N=CH) (Figure 4.6). The presence of the resulting azomethine (imine) 
group was confirmed in the resulting pale yellow suspension by absorption spectroscopy, 
since it gave two absorption peaks at 457 nm and 538 nm.    
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Figure 4.6. Crosslinking of PVP-PAAm by glutaraldehyde. 
 
 
Figure 4.7. UV-Vis absorption spectra of glutaraldehyde-crosslinked polymer. 
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4.2.3. Stability of Single-Walled Carbon Nanotubes Dispersion after Crosslinking of 
PVP-PAAm 
          Figure 4.8 compares the fluorescence spectra taken at 658 nm excitation during the 
different stages of the dispersion of SWNTs. We first see a shift in the spectrum after the 
addition of PVP-PAAm. However, there is little significant spectral change after the 
crosslinking of the polymer, clearly suggesting that the crosslinking of polymer has little 
effect on the local electronic environment or on the quality of the dispersion. Most 
importantly, unlike the case of PVP or the pre-crosslinked PVP-PAAm, the fluorescence 
spectrum remains unchanged after the addition of THF. This observation strongly 
supports our conclusion that the crosslinking of the polymer prevents its removal from 
SWNTs. This strongly suggests that a dispersion of polymer-wrapped SWNTs can be 
stabilized for use in other solvent systems if they are wrapped with a polymer that has 
been cross-linked before removing the polymer/nanotube complex from its aqueous 
environment.    
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Figure 4.8.  SWNT fluorescence spectra taken at 658 nm excitation while dispersed in 
SDS (black), after the SDS has been replaced by PVP-PAAm (red), after crosslinking 
with GLU (blue), and after adding THF to the suspension (green). 
 
         The dispersion of SWNTs was further characterized by vis-NIR absorbance. As is 
shown in Figure 4.9, all the optical transitions (E11, E22, M11) are present in our samples, 
indicating that this approach does not alter the electronic properties of SWNTs.  
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Figure 4.9. Vis-NIR absorbance of SWNTs in SDS (A), polymer wrapped SWNTs 
before (B) and after crosslinking (C). 
 
         AFM images of polymer wrapped SWNTs after crosslinking with GLU are shown 
in Figure 4.10. The height profile of such images reveals that the nanotube/polymer 
complexes have an average diameter ranging from 3 to 4 nm. These observed diameters 
are larger than that of individual HiPco SWNTs, which had an initial average diameter of 
1 nm. The thickening of the nanotube can be accounted by a uniform polymer coating on 
each nanotube with a thickness of 1 to 1.5 nm. The AFM images confirm that the 
individual nanotubes are separated well so that crosslinking could happen along 
individual tubes rather than between adjacent tubes. The images clearly demonstrate that 
individually dispersed SWNTs are abundantly present in the solution.  
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Figure 4.10.  AFM image of polymer-wrapped SWNTs after crosslinking by GLU. 
 
. 
         In this project we explored the adsorption of polymers onto SWNTs surfaces under 
aqueous conditions. Multiple types of non-covalent interactions play a role in this 
adsorption, including the interactions between the nanotube surface and solvent 
molecules, interactions between polymer and solvent molecules, the interactions between 
polymer molecules and the nanotube surface, and the interactions between solvent 
molecules. Of these, the unusually-strong interactions between the solvent molecules for 
water, dominated by hydrogen bonding, often outweigh the attractions between the 
solvent molecules and hydrophobic components, a phenomenon termed, “the 
hydrophobic effect.” Often, this hydrophobic effect is of sufficient magnitude to make 
surfactant or polymer dispersed nanoparticles thermodynamically metastable rather than 
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true thermodynamic minima. In the present work, the polymer-wrapped SWNTs almost 
certainly fall into this category. The lack of change in SWNT fluorescence spectra upon 
crosslinking suggests that the polymer/nanotube interactions have not significantly 
changed as a result of the crosslinking, and thus should not have significantly shifted the 
system thermodynamically. The dramatic difference in behavior upon adding an organic 
solvent to the system after crosslinking, however, indicates that the system has been 
kinetically stabilized. The most likely explanation for this is that the cross-linked 
sheathes are so significantly sterically hindered from removal that the polymer/SWNT 
complex should be viewed as a single entity, much in the same way a rotaxane is.  
         The polymer-sheath approach described here should be generally applicable to a 
variety of systems. The crosslinking of adsorbates has already been a useful strategy for 
stabilizing other types of nanoparticles. For example, Xiaogang Peng’s work on 
crosslinking surfactant molecules around quantum dots has been extremely successful.
239
 
This approach is a general strategy that could be used for any number of nanoparticle 
systems. Further modification of the adsorbates can conceivably allow, for example, the 
nanoparticle/polymer complex to be incorporated covalently into polymer matrices or 
covalent tethering of targeting biomolecules. In continuing work in the Ausman lab, 
crosslinking the wrapping polymer under semi-dilute conditions rather than the dilute 
conditions described in this dissertation has the potential to produce covalently-linked 
three-dimensional networks that may act as hydrogels or even aerogels. 
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CHAPTER 5 
 
 
EPOXY/POLYHEDRAL OLIGOMERIC SILSESQUIOXANE NANOCOMPOSITES 
 
         This chapter contains the result and discussion concerning the preparation and 
characterization of epoxy/polyhedral oligomeric silsesquioxane (POSS) nanocomposites. 
The first part of the chapter includes the synthesis of the epoxy/POSS nanocomposites, 
whereas second part of the chapter deals with the study of thermomechanical and barrier 
properties to characterize the composite material. 
 
5.1. Synthesis and Curing of Epoxy/POSS Nanocomposites 
         Epoxy/POSS composites were synthesized with the addition of different wt. % of 
POSS in EPON 862 and cured with isophorone diamine (IPDA). The detailed procedure 
is provided in section 3.3.7. The curing reaction was monitored by Raman spectroscopy. 
         The Raman spectrum of neat DGEBF contains the characteristic epoxide CH2 
stretching at 3008 cm
-1
, strong aromatic C=C stretching at 1600 cm
-1
, CH2 stretching at 
2923 cm
-1
, aromatic ring C-H stretching at 3068 cm
-1 
and epoxide C-O-C stretching at 
1264 cm
-1
 (overlapped with aromatic C-H bending vibration band). The glycidyl-POSS 
also shows a similar spectrum except aromatic C=C and C-H vibration bands (Figure 
5.1). Since the peak of the epoxide group’s C-O-C stretch overlaps the peaks of aromatic 
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C-H bend, the peak at 3008 cm
-1
 is used to monitor the epoxy groups in the composites. 
Figure 5.2 shows the Raman spectra of the control epoxy and of the resulting 
nanocoposites containing 0.25, 0.5, 1, 2, 3 and 5 wt. % of POSS after curing with IPDA 
at 200
o
C. The epoxide C-O-C bands have virtually vanished for both controlled epoxy 
and POSS-containing nanocomposites, confirming the success of the crosslinking 
reaction.   
 
 
Figure 5.1.  Raman spectra of DGEBF and POSS. 
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Figure 5.2.  Raman spectra of Epoxy/POSS composites after post curing at 200
o
C. 
 
5.2. Characterization of Epoxy/POSS Nanocomposites 
          To study thermal, mechanical and barrier properties of the epoxy/POSS 
nanocomposites, samples containing the different POSS loadings were characterized by 
differential scanning calorimetry, dynamic mechanical analysis, fracture toughness 
measurements, and helium gas permeability tests.   
5.2.1. Differential Scanning Calorimetry (DSC) Studies 
         The DSC thermal analysis results for the composites are presented in Figure 5.3. 
The control epoxy resin exhibits a glass transition temperature (Tg) of 126 
o
C. As POSS 
loading is increased, the Tg correspondingly increases to a maximum of 136 
o
C at a 
loading of 1 wt. % POSS, but then decreases slowly as the POSS loading increases above 
1 wt. %. The initial increased in Tg reflects that the POSS is well-dispersed in the epoxy 
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resin, since in homogeneous dispersion the stiff silsesquioxanes tethers the soft organic 
chain of the epoxy matrix.
176
 Thus, comparatively higher energy is required to move the 
molecular chain, increasing the Tg of the composites. In addition, the epoxy group present 
in the glycidyl-POSS also participates in the crosslinking reaction of the epoxy matrix. 
This reaction could lead to an increase in the crosslink density and thus an increase in Tg. 
Above 1 wt. %, however, the POSS seems to undergo agglomeration, resulting in 
decreased Tg. Furthermore, higher concentrations of POSS will likely leave some residual 
uncrosslinked POSS which may acts as a lubricant within the epoxy system. This latter 
issue could be addressed in future studies by optimizing the amount of crosslinking agent 
added to account for the increased number epoxide groups present in the sample.  
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Figure 5.3.  DSC curves for various epoxy/POSS composites. 
 
5.2.2. Dynamic Mechanical Analysis (DMA) 
         Dynamic mechanical analysis is a very powerful technique to measure the 
viscoelastic properties of materials as they deform under periodic stress. Figure 5.4 shows 
the measurement of storage modulus as a function of temperature for various 
epoxy/POSS composites. This data clearly demonstrates that the storage modulus of 
epoxy/POSS composites are higher than that of neat epoxy resins at temperatures below 
the glass transition temperature. The storage modulus increases continuously up to 
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1 wt. % POSS loading, and then decreases with continued increases in POSS loading. 
This indicates that POSS cage has ability to reinforce into the epoxy resin but this ability 
decreases at higher POSS loading (>2 wt.%) because of poor dispersion and phase 
separation during polymerization. 
 
 
Figure 5.4.  Plot of storage modulus vs temperature for epoxy/POSS composites. 
 
         Loss modulus measurements for the epoxy/POSS composites are presented in 
Figure 5.5. From this data it can be seen that the peak of loss modulus have shifted to 
higher temperature region in low concentration of POSS. Figure 5.6 is the plot of 
normalized tan delta as a function of temperature for various epoxy/POSS composites. 
The peak of the tan delta curve gives the Tg. The glass transition temperatures obtained 
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from this peak follow the same trend as do the results from DSC measurements. The Tg 
of the control epoxy resin as determined by DMA is 137.19 oC, which improves almost 
9 
o
C for the composite having 1 wt. % of POSS. The comparison of Tg from DSC and 
DMA are presented in Figure 5.7.  
   
 
Figure 5.5. Loss modulus vs temperature curves for various epoxy/POSS composites. 
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Figure 5.6.  Tan delta curves for various epoxy/ POSS composites. 
 
 
Figure 5.7.  Comparison of Tg  as determined by DSC and DMA.  
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5.2.3. Fracture Toughness 
         The fracture toughness of epoxy/POSS composites was evaluated by measuring 
critical stress intensity factor (Kic). Kic as of function of POSS content for the composites 
is presented in Figure 5.8. The Kic value increases with the increase in the content of 
POSS up to 0.5 wt. %. The drop of the values of Kic beyond 2 wt. % of POSS further 
supports the conclusion that the POSS could be aggregating at these high loadings. These 
agglomerates can act as weak sites, failing during crack initiation, thereby causing a 
decrease the values of Kic.    
 
 
Figure 5.8. Fracture toughness value in term of critical intensity factors for different 
loading of POSS in epoxy/POSS composites. 
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         The mechanism for fracture toughness improvement with the addition of a variety 
of fillers has been studied extensively for decades. Some of the well documented 
toughening mechanisms are crack deflection, plastic deformation, microcracking, void 
formation, and crack pinning.
240-243
 To distinguish among these mechanism, the fracture 
surface morphology was characterized by SEM. Matrix cracking is clearly seen for the 
pure resin (Figure 5.9 a). On the other hand, epoxy/POSS composites have a 
comparatively rough surface (Figure 5.9 b and c). The formation of small microcracks is 
also observed on the fracture surface of 1 wt. % of POSS loading in the composites. 
However, as shown in Figure 5.9 c, both microcrack and macrocracks are observed in 5 
wt. % of POSS loading. This result suggests that POSS might form aggregates and have a 
resulting heterogenous distribution at higher loading, which could result in the formation 
of macrocracks on the fracture surface. At higher magnification, the epoxy/POSS 
nanocomposites show some void formation due to the debonding of POSS nanoparticles 
(Figure 5.10). The size of these voids increases with increasing the amount of POSS, with 
the large voids created by the agglomerated POSS. Hence the fracture surfaces of the 
epoxy/POSS composite reveal that the increase in fracture toughness in low wt. % of 
POSS loading is caused by void formation and microcracking. 
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Figure 5.9. SEM  micrographs of  epoxy/POSS composites (a) neat resin (b) 1 wt.% 
POSS loading (c) 5 wt.% POSS loading. 
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F 
Figure 5.10.  SEM micrographs of epoxy/POSS composites (a) 1 wt. % POSS loading 
(b) 5 wt.% POSS loading. Arrows point the formation of voids. 
 
5.2.4. Helium Gas Permeability 
         The gas barrier properties of composite materials are measured in terms of a helium 
gas permeability coefficient. The data, presented in Figure 5.11, reveal that the 
incorporation of POSS in the epoxy resin dramatically improves the barrier properties of 
the thermoset up to a critical loading at which other tests indicated that agglomeration 
began to degrade the other properties of interest. The helium gas permeability is reduced 
by almost 70% on incorporation of 1 wt. % POSS into the neat epoxy resin. These results 
suggested that uniform dispersion of POSS is effective to increase the tortuosity of the 
diffusion path of the gas.  
         There are four possible pathways for gas transport through the epoxy POSS 
composites.  
a) through the Si-O cage of POSS. 
b) through the aggregate of POSS within polymer matrix 
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c) through the interface between POSS and Polymer matrix 
d)  through the polymer matrix 
The process of insertion of molecular oxygen and nitrogen into POSS has been 
investigated theoretically by Tejerina et al.
244
 They revealed that a high energy barrier 
exists in Si-O cage that prevents the permeation of the penetrant gas through it. Hence it 
is almost impossible to transport gases through Si-O cage of POSS. SEM images did not 
indicate the formation of POSS aggregation at lower wt. % of POSS. However, higher % 
POSS content in the composite can form the aggregate of POSS. Theses aggregate can 
provide tortuous pathways for the permeation of penetrant molecules, thereby increasing 
helium gas permeability of the composite material with higher wt. % of POSS (> 1 wt. 
%).  Since there is significant increase in Tg in the composite materials at lower wt. % of 
POSS, there is clearly a strong interaction between the polymer matrix and the POSS 
molecules. In addition, there are eight epoxy groups on POSS cage structures that can 
also directly participate in the curing reaction and thus enhance the interaction between 
the two phases. This strong interaction between the polymer matrix and the POSS 
molecules reduces the formation of any interfacial gaps or void at the interface. Hence 
the permeation of gas through the interface is ruled out. The permeation of helium gas 
through the polymer matrix depends on the presence of excess free volume. Dispersion of 
POSS in the polymer matrix will cause reduction of the free volume and restriction of the 
polymer chain motion. Therefore, it will decrease the diffusivity and solubility of 
penetrant. This phenomenon explains the decrease in permeability compared to neat resin 
in case of POSS composites. 
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Figure 5.11. Helium gas permeability coefficient for epoxy composites at different POSS 
loading. 
 
      This project dealt with the use of nanofillers as polymer composite additives to 
improve the thermomechanical and gas permeability properties of nanocomposites. The 
final properties of the composite material depend not only on the properties of the 
individual component but also strongly depend upon the interfacial interaction between 
the nanofillers and polymer host. Many nanocomposite systems rely on weak 
intermolecular forces between the fillers and the polymer matrix, and thus are limited in 
the possible improvements that can be achieved, particularly with respect to gas 
permeability. Our system employed direct covalent crosslinking of the nanofiller into the 
polymer matrix to improve the key interfacial interactions. Up to the filler concentration 
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limit where filler aggregation began to play a significant role, at ca. 1 wt.%, this covalent 
incorporation resulted, as expected, in significant properties improvements. To improve 
the properties even further, techniques to further improve the filler dispersion throughout 
the matrix will need to be employed. 
     This approach is applicable to other polymer nanocomposites. The use of 
nanomaterial in polymer composite is not a new technology; however the optimization of 
the nanomaterial during processing is always challenging. This approach could be used as 
important tools to enhance the properties of nanocomposites in future. Due to the 
resulting high mechanical strength, low weight, high glass transition temperature, and 
low gas permeability, the particular composite developed in this work is especially 
appropriate for use in the manufacturing of carbon fiber reinforced composite fuel tanks.  
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CHAPTER 6 
 
 
CONCLUSION 
 
         For the first research project we can conclude that uniform dispersion of SWNTs 
can be achieved by wrapping them with PVP and related crosslinkable copolymers like 
PVP-PAAm. However, SWNTs dispersion cannot be stabilized in different solvent 
system by wrapping them with PVP because of the detachment of the polymer. Our 
results demonstrate that crosslinking of PVP-PAAm by GLU before removing the 
SWNT/polymer complexes from their initial water environment can encapsulate SWNTs 
in individual, sealed shells. This method can stabilize the dispersion of SWNTs even 
against changing the solvent system. Our results open up the new possibility of isolated 
individual SWNTs that can now be transferred to a variety of solvent systems, and thus 
are suitable for a variety of applications, including as a filler for polymer composites.  
          In second research project we developed an epoxy nanocomposite with the addition 
of glycidyl-POSS that enhances the thermal, mechanical and barrier properties. Results 
suggested that good dispersion of POSS in the epoxy matrix is critical to improve the 
properties of the resin. In lower wt. % of POSS loading, the POSS molecules disperse
73 
 
homogeneously throughout the matrix and enhance all properties of interest. However, 
loadings above 1% by weight results in the agglomeration of POSS, degrading the 
properties of the materials. We found a 70% reduction in gas permeability, almost 45% 
improvement in fracture toughness, and 10 
o
C increase in Tg of the epoxy resin with the 
addition of 1 wt. % of POSS. 
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Scope and Method of Study: The purpose of this research work is to investigate polymer 
nanomaterial interaction to understand the properties of the polymer 
nanocomposites. The first part of the dissertation explored the dispersion of 
single-walled carbon nanotubes (SWNTs) that are non-covalently wrapped with a 
crosslinkable polymer and stabilized for transfer to different solvent systems by 
crosslinking. This method can be employed in processing SWNTs for polymeric 
composites. The second part of the dissertation concerns the development of 
epoxy/polyhedral oligomeric silsesquiaxanes composite in order to enhance 
thermal, mechanical and barrier properties of the resin.  
 
Findings and Conclusions: Wrapping of SWNTs with a poly(N-vinylpyrrolidone-co-
allylamine) (PVP-PAAm) polymer gave stable dispersions of SWNTs in water. 
After crosslinking of polymer with gluteraldehyde, the dispersion of SWNTs was 
no longer limited to aqueous suspension. The presence of individual nanotubes 
before and after crosslinking of polymer was confirmed by fluorescence 
spectroscopy. Epoxy/POSS composites were synthesized by incorporating a very 
low weight fraction of glycidyl POSS into Epon 862 resin by simple mechanical 
mixing. We found that there is a significant reduction in gas permeability and an 
improvement in thermomechanical properties of the resin with the addition of 1 
wt. % of POSS. However, loadings above 1% by weight results the agglomeration 
of POSS, which degrades the properties of the materials. 
 
 
 
 
 
 
 
 
 
 
 
 
 
